Abstract-Thiosulfate leaching of gold and silver from waste mobile phones were investigated, the results indicated that gold and silver contents of waste mobile phones were 0.211mg/g, 0.67mg/g, respectively. So the gold and silver could be recovered from the waste mobile phones effectively. The best leaching conditions were as follows: solid/liquid ratio of 1:5, thiosulfate concentration of 0.30mol/L, ammonia concentration of 0.40mol/L, copper ions concentration of 0.03mol/L, leaching temperature of 40℃, leaching time of 2.5h, pH value of 9-10, adding 5.00mL 0.2% SO 3 2-and air flow rate of 1.2L/min, and the highest leaching rate of gold and silver reached 93.36% and 69.4%, respectively. Compared with the conventional and toxic cyanide leaching of gold, thiosulfate leaching had advantages of non-toxic, quick leaching speed, high leaching rate, weak corrosion to equipment, etc. The obtained data would be useful for the development of processes for the recycling of gold and silver from waste mobile phones.
INTRODUCTION
Worldwide, billions of peoples are using mobile phones as fast communication devices. Nowadays, mobile phones serve not just as a personal luxury or an addition to traditional land line telephones but also as a primary means of communication in some areas of the world where communication infrastructure is not in place [1] . As a representative product of the information industry, the mobile phone plays a key role in society. In the last few years, the Chinese mobile phone industry has experienced rapid growth. According to date [2] from the Ministry of Industry and Information Technology of China(MIIT), global mobile phone output was 1.18 billion units in 2008, of which 48% was produced in China (MIIT, 2009 ). And another date indicates China mobile production will be more than one hundred million by 2010. In fact, most users upgrade their phones due to technological advances and fashion obsolescence; mobile phones are usually taken out of use well before they cease to operate, consequently the potential lifespan of a mobile phone is under 3 years and some users will change their phones one year and a half, then all of them eventually have to be discarded [3] . Mobile phones contain toxic elements, such as lead, mercury, chromium, nickel, beryllium, antimony and arsenic as well as valuable metals, such as gold, silver, palladium and platinum [4] .Yu, et al. [5] indicated that the metal content in mobile phones was 1.3mg/g, 0.35mg/g for Au, 1.4mg/g for Ag, and 0.2mg/g for Pd, and their value ratio for Cu, Au, Ag and Pd was 4.3%, 78.8%, 3.9%, 11.8%. Therefore, waste mobile phones can be viewed as important source for precious metal mining on one hand. Besides, recovering gold, silver and other precious metals have dual values of both environmental protection and resource conservation.
Cyanide leaching has been widely used to recycle gold from electronic scraps, but this method can produce a large number of cyanide wastewater, which can do damage to people and the environment [6] . In recent years, thiosulfate leaching of gold has received much attention due to stringent environmental regulations and public concerns over the use of cyanide. Thiosulfate is the non-toxic substitute of cyanide, meanwhile has merits of anti-external ion disturbance, is considered to be one of the most promising method of leaching gold to replace cyanide [7, 8] . Therefore, using thiosulfate as gold leaching reagent to leaching gold and silver from waste phones was studied, and the best condition of leaching gold and silver was determined in this paper.
Ⅰ. EXPERIMENTAL
A. Experimental principle [8] [9] [10] [11] In alkaline or near neutral solution of thiosulfate, gold, silver dissolves slowly in the presence of a mild oxidant. The dissolution of the gold, silver can be described as follows where oxygen is the oxidant and thiosulfate the ligand. 
B. Experimental methods

1) Experimental material, reagent
The PCBs were collected from damaged or obsolete mobile phones for the leaching experiment. Different types of waste mobile circuit boards were used as samples after being eliminated the electronic components in the surface, then cut into small pieces and crushed by a mechanical crushing machine and sorted by size using a screen that allowed only pieces of 70-120 mesh to pass through. After dispelling, measuring the metal concentration of the resulting solution by atomic absorption spectrophotometer and the contents of gold and silver were 0.211mg/g and 0.67mg/g, respectively.
2) Leaching tests Taking 5.00g power of waste mobile circuit boards in the beaker then they were pretreatment, filtered and dried. Distilled water was added according to certain solid-liquid ratio, the leachant which consisted of 15.00ml sodium thiosulfate, 15.00ml copper sulfates, 15.00ml aqueous ammonia and 5.00ml sodium sulfite (0.2%) were then injected into the beaker, pH was adjusted between 9 to 10, then putted the reactor into temperature oscillator, later a pump was put into the reactor to replenish oxygen and oscillator was turned on to react. Closed the oscillator and pump when the time needed for reactions was over, later cleaned the pump and the solution was collected in the reactor. Then the solution were filtered and put into 250ml volumetric flask. The gold and silver concentrations were analyzed by AAS.
Ⅱ.RESULTSAND DISCUSSION
All leaching experiments were performed under the same conditions of the ratio of liquid/solid was 5:1, pH value of 9-10, with the addition of 5.00ml of SO 3 2-(0.2%).
(
1)Effect of S 2 O 3 2-concentration
Experiments for the leaching of gold and silver from waste mobile phones were carried out using solutions containing Cu 2+ concentration of 0.04mol/L, ammonia concentration of 0.40mol/L, and the reaction was carried out for 2.5h at 50℃. The effect of thiosulfate concentration on the leaching of gold and silver from waste mobile phones was examined by varying its concentration over a range of 0.10mol/L to 0.50mol/L. The results were shown in Fig.1 . The results presented in Fig.1 indicated that the leaching of gold and silver increased with an increase in thiosulfate concentration and then after reaching maximum leaching, decreased with a further increase in thiosulfate concentration, and gold leaching rate fell quickly than silver. Experimental results showed that the leaching rate was best at the S 2 O 3 2-concentration of 0.3mol/L. The leaching behaviour of gold and silver was complicatedly affected by variation of the concentrations of thiosulfate, copper, and ammonia in the solution. If the potentials of the copper-ammoniacal thiosulfate system are too low, gold and silver remain undissolved, In addition, higher thiosulfate concentrations increase thiosulfate consumption, which causes an increase in the concentrations of degradation products, such as sulfate, trithionate and tetrathionate. Meanwhile, the concentration of
2+ which plays the catalytic role decreases relatively, making gold and silver dissolve slowly.
(2) Effect of ammonia concentration
Experiments for the leaching of gold and silver from waste mobile phones were carried out using solutions containing S 2 O 3 2-concentration of 0.30mol/L, Cu 2+ concentration of 0.04mol/L, and the reaction was carried out for 2.5h at 50℃.The ranges of ammonia concentrations were investigated from 0mol/L to 0.6mol/L, and the influences of different ammonia concentration on gold and silver leaching rate were shown in Fig.2 . The results presented in Fig.2 revealed that ammonia played an important role in the leaching of gold and silver in thiosulfate solutions. Gold and silver leaching rate was below 20% without ammonia. An increase of ammonia concentration increased the leaching rate of gold and silver, while lower leaching of gold and silver was obtained when the ammonia concentration was higher than 0.4mol/L. This was mainly because in the absence of ammonia, gold dissolution by thiosulfate was passivated by the build up of sulfur coatings as a result of decomposition of thiosulfate on the gold surface. When there existed ammonia, ammonia prevented gold passivation by being preferentially adsorbed on gold surfaces over thiosulfate thus bringing gold into solution as an ammine complex. Ammonia reacted with gold ions forming gold ammonia complex ions that were then substituted by thiosulfate ions. In addition, increasing the total ammonia concentration but keeping the other reagent concentrations, potential and pH constant increased the stability region of the Cu(NH 3 ) 4 2+ complex, which can improve reaction rate greatly and gold leaching rate increased. But, at high concentrations of ammonia and high pH, the predominant gold species was Au(S 2 O 3 ) 2 3-rather than Au(NH 3 )
2+
, meanwhile some solid copper species, such as CuO, Cu 2 O and (NH 4 ) 5 Cu(S 2 O 3 ) 3 , may form, possibly hindering gold dissolution by coating the gold surface, leading gold leaching rate declined. The potential of silver leaching and gold dissolving had the similar value, so the change of silver leaching rate was similar to gold.
(3) Effect of Cu 2+ concentration
Experiments for the leaching of gold and silver from waste mobile phones were carried out using solutions containing The copper ion is an effective catalytic agent for the dissolution of gold and silver with thiosulfate. As shown in Fig.3 , the results of leaching experiments showed that the leaching rate of gold and silver increased with copper concentration when it was less than 0.03mol/L, while at higher copper concentrations the leaching of gold and silver became almost independent of copper concentration. At a concentration of 0.03mol/L, the leaching rate of gold and silver reached the highest, their leaching rate were 84.83% and 65.15%, respectively. The reported increase in the dissolution of gold and silver in copper thiosulfate solutions containing ammonia has been attributed to the formation of copper(II)-ammine complexes. The role of copper(II) ions in the oxidation of metallic gold to aurous Au + ion is shown in reaction(3). In addition to the above processes, some thiosulfate degradation to tetrathionate occurs. The oxidation reaction, which is promoted by copper (II) 2+ concentration in the solution will also result in higher losses of thiosulfate through its conversion to tetrathionate, and, for this reason, the leaching rate of gold and silver may be decreased.
Consequently, the concentration of copper(II) ion present in the leaching solution is an important factor in thiosulfate stability and reagent management.
(4) Effect of temperature
Based on the above results, experiments were carried out to study the effect of leaching temperature on the thiosulfate leaching of gold and silver using the optimum solution composition: S 2 O 3 2-concentration of 0.30mol/L, ammonia concentration of 0.40mol/L, Cu 2+ concentration of 0.03mol/L, and the reaction was carried out for 2.5h in different temperature. The ranges of temperature were investigated from 30℃ to 60℃, and the influences of different temperature on gold and silver leaching rate were shown in Fig. 4 . It can be seen from Fig.4 that as temperature increased, gold leaching rate gradually increased between 30℃ to 40℃. At the temperature of 40℃, the gold leaching rate reached maximum level of 91.94%. After 40℃, gold leaching rate began to decline. But silver leaching rate reached maximum level 69.47% at the temperature of 50℃, it began to decline after 50℃. This maybe result from three factors: one was that the catalytic effect of copper(II)-ammine complex ions was more than temperature effect in low temperature environment, so the leaching rate increased with the temperature. Secondly, with temperature rising, the decomposition of S 2 O 3 2-accelerated, and the complex ion became instability in higher temperature. Finally, with temperature rising, ammonia volatilized increasingly, which would destroy the alkaline environment of solution. Given that the leaching rate of silver in 40℃ and 50℃ changed little, gold was more valuable than silver, so 40℃ was an optimal leaching temperature.
Ⅲ.CONCLUSION
The gold and silver content of the waste mobile phone were confirmed to be 0.211mg/L and 0.67mg/L, respectively, which were about five times of gold, over three times of silver of waste computer circuit board. Thus, the waste mobile phone had a grate value in recovering gold and silver. Various parameters, such as thiosulfate concentration, ammonia concentration, Cu 2+ concentration, leaching temperature which have an effect on the gold and silver leaching rate were studied. Gold and silver can be leached from the waste mobile phones by thiosulfate effectively. The best leaching conditions obtained in this experiment were as follows: solid/liquid ratio of 1:5, thiosulfate concentration of 0.30mol/L, aminonia concentration of 0.40mol/L, Cu 2+ concentration of 0.03mol/L, leaching temperature of 40℃, leaching time of 2.5h, pH value of 9-10, adding 5.00mL0.2% SO 3 2-and air flow rate of 1.20L/min, and the highest leaching rate of gold and silver reached 93.36% and 69.4 %, respectively. Compared with the traditional method of cyanide leaching, this method had advantages of non-toxic, quick leaching speed, high leaching rate, etc. Besides, thiosulfate leaching of gold and silver in the alkaline conditions with pH values of 9-10, thus had little corrosion to equipment and good environmental benefits.
